Introduction
Room temperature (RT) nanoimprinting using hydrogen silsesquioxane (HSQ) [1] [2] [3] [4] [5] [6] is a simple process to fabricate nanostructures because it does not include heating and UV irradiation processes. HSQ pattern has high transmittance and sufficient stiffness to carry out thermal and UV nanoimprintings. In addition, it is known that HSQ is a high resolution negative tone electron beam (EB) resist [7] . Therefore, the HSQ pattern fabricated by EB lithography can be used as the nanoimprint mold [8] [9] [10] . However, EB exposure time of HSQ is very long. We assumed that RT-nanoimprinting can supply the HSQ replica mold with high throughput.
In RT-nanoimprinting, the nanoimprimt pressure depends on the nanoimprint mold materials. In the case of using SiO 2 /Si hard mold, the pressure of about 40 MPa is needed. On the other hand, we are able to fabricate the HSQ pattern by RT-nanoimprinting using PDMS soft mold with pressure of about 0.1 MPa [6] . The nanoimprinting pressure by using PDMS mold is two orders of magnitude less than that by using SiO 2 /Si hard mold. In addition, we found that the water contact angle of HSQ pattern fabricated by RT-nanoimprinting using PDMS soft mold was increased after vacuum annealing. Table  1 shows the water contact angle of HSQ flat pattern fabricated by RT-nanoimprinting using SiO 2 /Si hard mold and PDMS soft mold before and after vacuum annealing at 300 ºC. Before annealing, the water contact angle of HSQ flat surface imprinted by using PDMS soft mold was slightly higher than that of using SiO 2 /Si hard mold. Furthermore, the HSQ flat surface imprinted by using PDMS soft mold increased by about 10º after vacuum annealing at 300 ºC whereas the HSQ flat surface imprinted by using SiO 2 /Si hard mold was decreased. It is therefore expected that HSQ pattern fabricated by RT-nanoimprinting using PDMS soft mold can be applied to the replica mold without antisticking layer (ASL). In this paper, we examined whether HSQ pattern fabricated by RT-nanoimprinting using PDMS soft mold has sufficient release property to carry out nanoimprinting.
Experimental methods
Fabrication process of PDMS soft mold using SYLGARD184 (Dow Corning Toray Co., Ltd) was as follows. A SiO 2 /Si master mold was fabricated by EB lithography and reactive ion etching. The line and space widths were 500 nm. The master mold was coated with ASL using OPTOOL HD 1100-TH (Daikin Industries, Ltd.) by dip coating process. SYLGARD184 casted on the master mold and it was baked at 150 ºC for 10 min. Finally, a PDMS soft mold was separated from the master mold. OCNL103 T-2 (TOKYO OHKA KOGYO Co., Ltd) was used as a ladder type HSQ. It was confirmed that the water contact angle of HSQ flat surface imprinted by using PDMS soft mold increased after vacuum annealing. We therefore examined whether the baking process affected the release property of HSQ. We carried out two processes, as shown in Fig.  1 . Process A is as follows; (1) HSQ was spin-coated on the substrate.
(2) RT-nanoimprinting was carried out by using PDMS soft mold with 0.05 MPa for 3 min. (3) PDMS soft mold separated from the substrate. (4) The fabricated HSQ pattern was baked. In the case of Process A, the HSQ pattern was baked after RT-nanoimprinting. On the other hand, Process B is like thermal nanoimprinting. (1) and (2) were the same process as Process A. (3) Before PDMS soft mold separated from substrate, the substrate was baked on a hotplate. (4) Finally, PDMS soft mold separated from the substrate. NM-0801HB (Meisyo Kiko Co.) was used as a nanoimprint apparatus. We carried out comparative evaluation of the HSQ pattern imprinted by process A and Process B.
To evaluate release property, we measured the water contact angle on HSQ pattern by using a contact angle meter (Drop Master 500: Kyowa Interface Science Co.).
X-ray photoelectron spectroscopy (XPS) measurements were performed on a BL7B end station at the NewSUBARU facility, University of Hyogo. The photoelectron spectra were measured in an analysis camber mounted with a hemispherical electrostatic spectrometer (CL150: VSW Ltd.). The Mg Kα line (hν=1253.6 eV) were used as the excitation source and were incident at 45º with respect to the surface normal. The photoelectron spectra were recorded at an emission angle 45º to the surface normal. The total energy resolutions were about 0.7 eV for the C1s core-level regions.
Results and Discussion
We examined that the baking temperature dependence of water contact angles of HSQ imprinted by RT-nanoimprinting using PDMS soft mold, as shown in Fig. 2 . The baking temperatures were 100, 150, 200, 250 and 300 ºC and baking time was 30 min. In the case of Process A, the contact angle showed a slight increase by 250 ºC baking, but was rapidly decreased at 300 ºC. On the other hand, in the case of Process B, the water contact angle increased with an increasing of baking temperature. However, PDMS soft mold at the baking over 250 ºC was stuck to the HSQ and it was difficult to separate PDMS soft mold from the HSQ. The results indicate that Process B can fabricate the HSQ pattern with a release property at 200 ºC baking temperature.
We assumed that PDMS attached to the HSQ by nanoimprinting as the reason for inducing the release property of HSQ. To evaluate the surface chemical state, we analyzed HSQ pattern fabricated by Process B with XPS. Figure 3 shows of XPS wide scan spectra of HSQ pattern fabricated by Process B (a) without and (b) with baking at 200 ºC. Although C1s peak due to PDMS was not observed in the spectrum of Process B without baking at 200 ºC, it was detected in the spectrum of that with baking. The results indicate that PDMS was existed on the HSQ after Process B with baking.
Next, we examined the effect of usage of the PDMS soft mold in thermal and UV naoimprintings. We carried out thermal and UV nanoimprintings using PDMS soft mold and analyzed the resin surface with XPS. NEB-22 (Sumitomo chemical Co., Ltd) and PAK-01 (Toyo gosei Co., Ltd) were used as thermal and UV nanoimprint resins, respectively. Figures 4(a) and 4(b) show XPS wide scan spectra of spin-coated NEB-22 and NEB-22 imprinted by thermal nanoimprinting using PDMS soft mold, respectively. After thermal nanoimprinting using PDMS soft mold, the Si2s and Si2p peaks due to PDMS were detected in the spectrum, as shown in Fig. 4(b) . The case of UV nanoimprinting using PDMS soft mold denoted the same tendency of that of thermal nanoimprinting, as shown in Fig. 5 . It has proved from these results that PDMS was adhered onto the resin surfaces of NEB-22 and PAK-01from PDMS soft mold during nanoimprinting.
We concluded from XPS analysis that the release property of HSQ after RT-nanoimprinting using PDMS soft mold was caused by PDMS adhesion onto HSQ. This means that the release property depends on the amount of attached PDMS. We therefore examined whether the HSQ pattern fabricated by Process B can be applied to thermal nanoimprinting. The baking temperature in Process B was 200 ºC. Figure  6(a) shows the scanning electron microscopy (SEM) images of HSQ replica mold fabricated by process B. We then carried out thermal nanoimprinting using the HSQ replica mold on NEB-22. The nanoimprinting pressure and temperature were 10 MPa and 120 ºC, respectively. Figure 6(b) shows SEM image of NEB-22 pattern fabricated by thermal nanoimprinting using the HSQ replica mold without ASL coating process. The pattern was clearly imprinted on the resin. This result indicates that the HSQ pattern fabricated by Process B has a sufficient release property to carry out thermal naoimprinting.
Conclusion
We examined the release property of HSQ pattern fabricated by RT nanoimprinting using PDMS soft mold. The water contact angle of HSQ was increased by RT-nanoimprinting with baking process. It was found that the improvement of release property was caused by PDMS adhesion onto HSQ. In addition, PDMS adhesion onto HSQ was also occurred in thermal and UV nanoimprintings using PDMS soft mold. As a result, it was confirmed that the HSQ pattern fabricated by RT-nanoimprinting with baking process can be used as the replica mold without ASL coating process. We have been further studying about durability of the replica HSQ mold fabricated by RT-nanoimprinting with baking process. 
